Introduction
The catecholamines (CA), dopamine (DA) and norepinephrine (NE), are important neuromodulators of many behavioral processes. Current theory suggests that DA encodes the incentive salience of external stimuli (Berridge and Robinson, 1998; Maney, 2013) ; in effect, DA signals the desirability or value of a stimulus, learned or innate, according to an individual's existing internal state. NE, conversely, is believed to underlie arousal and the allocation of attention (Berridge, 2008) , and thus plays a role in the types and identity of stimuli an individual considers salient.
A major limitation in the study of the behavioral neuroscience of these neuromodulators is the difficulty in characterizing their underlying changes during rapid behavioral events. Classical means of monitoring neurochemistry typically involve quantification of the analyte of interest either post-mortem (via tissuepunch; Svec et al., 2009; Banerjee et al., 2013) or on the minute time scale in extracellular fluid (via microdialysis; Watson et al., Fast-scan cyclic voltammetry is a powerful technique for monitoring rapid changes in extracellular neurotransmitter levels in the brain. In vivo fast-scan cyclic voltammetry has been used extensively in mammalian models to characterize dopamine signals in both anesthetized and awake preparations, but has yet to be applied to a non-mammalian vertebrate. The goal of this study was to establish in vivo fastscan cyclic voltammetry in a songbird, the European starling, to facilitate real-time measurements of extracellular catecholamine levels in the avian striatum. In urethane-anesthetized starlings, changes in catecholamine levels were evoked by electrical stimulation of the ventral tegmental area and measured at carbon-fiber microelectrodes positioned in the medial and lateral striata. Catecholamines were elicited by different stimulations, including trains related to phasic dopamine signaling in the rat, and were analyzed to quantify presynaptic mechanisms governing exocytotic release and neuronal uptake. Evoked extracellular catecholamine dynamics, maximal amplitude of the evoked catecholamine signal, and parameters for catecholamine release and uptake did not differ between striatal regions and were similar to those determined for dopamine in the rat dorsomedial striatum under similar conditions. Chemical identification of measured catecholamine by its voltammogram was consistent with the presence of both dopamine and norepinephrine in striatal tissue content. However, the high ratio of dopamine to norepinephrine in tissue content and the greater sensitivity of the carbon-fiber microelectrode to dopamine compared to norepinephrine favored the measurement of dopamine. Thus, converging evidence suggests that dopamine was the predominate analyte of the electrically evoked catecholamine signal measured in the striatum by fast-scan cyclic voltammetry. Overall, comparisons between the characteristics of these evoked signals suggested a similar presynaptic regulation of dopamine in the starling and rat striatum. Fast-scan cyclic voltammetry thus has the potential to be an invaluable tool for investigating the neural underpinnings of behavior in birds.
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measurement of behaviorally relevant, subsecond changes in extracellular CA levels. Indeed, in vivo FSCV has been used extensively in rat models to characterize behaviorally associated transient changes in DA (Day et al., 2007; Flagel et al., 2011; Gan et al., 2010; Roitman et al., 2008; Willuhn et al., 2014) and to a lesser extent, NE (Park et al., 2012 (Park et al., , 2013 , but, to our knowledge, has never been used within an intact, non-mammalian vertebrate. While the value of conventional rodent models is undeniable, at times, alternative natural model organisms are desirable. For example, avian models are particularly tractable for the study of a variety of neural processes, such as vocal learning (Doupe et al., 2005) , visual processing (Rogers, 1998) , auditory perception and discrimination (Theunissen and Shaevitz, 2006) , imprinting (Bolhuis and Honey, 1998) , and social behavior (Ball et al., 2002; Goodson and Kingsbury, 2013; O'Connell and Hofmann, 2011) . Recently, the actions of DA and NE in these processes have generated considerable interest (Kubikova and Košt'á l, 2010; Maney, 2013; Riters, 2011) . As a starting point for using the strategy of real-time neurochemical monitoring to address these and related processes, the goal of the present study was to establish the use of in vivo FSCV in a songbird, the European starling (Sturnus vulgaris), to measure electrically evoked CA signals in the avian brain and to compare these measurements to similar in vivo measurements in a well-characterized rat model.
To accomplish this, immunohistochemistry was first used to delineate the striatal complex in European starlings and determine stereotaxic coordinates for electrically activating ascending CA neurons. Based on these coordinates, CFMs were inserted into the medial striatum (MSt), which contains the song-learning nucleus Area X, and the lateral striatum (LSt). A stimulating electrode was inserted into the ventral tegmental area (VTA). Electrical stimulation of the VTA evoked signals that were measured at the CFM and identified by the voltammogram of FSCV as CA. These evoked signals were further analyzed to quantify CA release and uptake, and examined for inter-regional differences in presynaptic regulation of extracellular CA. Finally, monoamine content from different striatal regions was examined to determine the relative ratio of DA and NE in striatal tissue of the starling. The avian striatum, like the mammalian striatum, has DA as its primary CA (Juorio and Vogt, 1967; Versteeg et al., 1976) ; however, in contrast to the mammalian striatum, the avian striatum contains a more prominent NE innervation throughout much of its extent (Kitt and Brauth, 1986a) . Because FSCV is unable to distinguish between DA and NE (Baur et al., 1988) , the relative contribution of each to the measured signal cannot be directly determined by the voltammogram-as such, the evoked response is initially and conservatively referred to simply as ''CA''. This study, establishing in vivo FSCV at a CFM for the measurement of electrically evoked CA signals in the striatum of the anesthetized starling, is the necessary first step toward the long-term objective of using the strategy of real-time neurochemical monitoring for assessing brain-behavior relationships in birds.
Methods

Animals
For all experiments on birds described below, adult male and female free-living European starlings were captured using potter traps (pedal-activated traps) at our field site in Lexington, Illinois, USA. The birds were maintained in the Illinois State University indoor aviary on a 10:14 (L:D) light cycle at a controlled temperature, and received food and water ad libitum. For experiments on rats, male SpragueDawley rats were purchased from Harlan Industries (Indianapolis, IN, USA). The rats were housed in the Illinois State University mammalian vivarium with controlled lighting and temperature, and food and water were available ad libitum. Experiments were typically performed on rats aged 2-3 months (300-350 g). All animal care and use was in accordance with prevailing local and federal standards and approved by the Institutional Animal Care and Use Committee of Illinois State University.
Immunohistochemistry
European starlings (n = 9; 4 males, 5 females) were euthanized, either in a CO 2 chamber or with an overdose of urethane, and transcardially perfused with heparinized phosphate-buffered saline (PBS) followed by 4% paraformaldehyde. The brains were extracted and post-fixed overnight in 4% paraformaldehyde, and then transferred to a 30% sucrose solution for 2-3 days for cryoprotection. Brains were sectioned at 40 mm on a sliding microtome equipped with a freezing stage and collected into PBS. At a sampling interval of 160 mm, sections underwent immunohistochemistry against dopamine-and-adenosine-related phosphotase-32 (DARPP-32) or tyrosine hydroxylase (TH). The sections were processed using a commercially available kit (VECTASTAIN no. PK-6200, Vector Labs, Burlingame, CA, USA) and were prepared according to manufacturer's instruction except as described. Brain sections were serially rinsed in PBS (3 times, 10 min each); 3% H 2 O 2 for 10 min; PBS, 3 times for 10 min; Vector blocking serum and 0.2% Triton X-100 for 30 min; and incubated overnight at 4 8C with the primary antibody (anti-DARPP-32, 1:3000, Abcam no. ab40801, Cambridge, MA, USA or anti-TH, 1:3000, Immunostar no. 22941, Hudson, WI, USA) and 0.5% Triton X-100. The following day, sections were rinsed in PBS, 3 times for 10 min; Vector secondary antibody and 0.6% Triton X-100 for 30 min; PBS, 3 times for 10 min; Vector ABC reagent and 0.6% Triton X-100 for 30 min; PBS, 3 times for 10 min; 0.05% DAB and 0.015% H 2 O 2 in PBS for 5 min; and again rinsed with PBS. Sections were float-mounted onto chrome alum-subbed slides, allowed to air-dry overnight, dehydrated using a series of alcohol rinses, and coverslipped with Permount. Sections adjacent to immunohistochemistry-stained sections were Nissl-stained to provide detail of nearby cytoarchitecture. Sections undergoing Nissl-staining were float mounted onto chrome alum-subbed slides, allowed to air-dry overnight, rehydrated and stained for 5 s in 1% thionin, dehydrated using a series of alcohol rinses, and coverslipped with Permount. Photomicrographs were taken using a CCD camera (Leica DFC300 FX, Leica Microsystems, Wetzlar, Germany) mounted on a dissecting microscope (Leica MZ95, Leica Microsystems, Wetzlar, Germany). Brightness and contrast were adjusted during image preparation (Photoshop X, Adobe Systems Inc., San Jose, CA, USA) to improve image clarity.
Determination of stereotaxic coordinates
Because no published stereotaxic atlas of the starling brain existed, initial stereotaxic coordinates for the MSt, LSt and VTA were generated before measurements with FSCV were attempted. Starlings (n = 13 males) were euthanized with CO 2 , exsanguinated, transcardially perfused with heparinized PBS followed by 4% paraformaldehyde, and then decapitated. The head was secured in a stereotaxic frame equipped with a small bird adapter (Kopf no. 914, Tujunga, CA, USA; beak angle at 228, beak plate at 4 mm). Using the intersection of the ear bars as an anterioposterior (AP) and mediolateral (ML) zero point, per the methods of Kuenzel and Masson (1988) , holes were drilled into the skull at coordinates estimated from Nissl-stained brain sections, and no. 2 stainless steel insect pins (36 mm length, 0.45 mm diameter) were inserted into the brain, and allowed to penetrate the opposite side of the skull. The intact head was then removed from the stereotaxic frame and placed in 4% paraformaldehyde overnight. The following day, the pins were carefully removed and the brain was extracted and placed in 4% paraformaldehyde for an additional 24 h, after which the brain was transferred to 30% sucrose in PBS for 2-3 days. Brains were sectioned at 40 mm, and every fourth section was collected and Nissl-stained. Using a compound light microscope, the pin tracks through the sections were evaluated based upon neuroarchitectural landmarks and comparison to existing songbird brain atlases (Stokes et al., 1974; Nixdorf-Bergweiler and Bischof, 2007) .
Surgery
Birds (n = 11; 4 males, 7 females) were anesthetized with 20% urethane (8 mL/kg, i.m.) delivered in 2 doses separated by 30 minutes, and secured in a stereotaxic frame. An incision was made through the scalp, and the skin was retracted to expose the surface of the skull. Holes were drilled into the skull (in accordance with the initial AP and ML coordinates that were previously determined relative to the intersection of the ear bars; see the ''Determination of stereotaxic coordinates'' section) to accommodate an electrode for electrical stimulation, a reference electrode, and two CFMs. Dorsoventral (DV) coordinates were initially estimated from Nissl-stained brain sections and functionally confirmed by successful CA measurement; these are given relative to the surface of the brain. A twisted bipolar stimulating electrode (MS 303/2, Plastics One, Roanoke, VA, USA) was lowered into the rostral VTA (À0.8AP, +0.6ML, À9.5 to À10.8DV), a region of the brain rich with DA-producing cells and known to afferently connect to the MSt and LSt (Kitt and Brauth, 1986b) . A CFM was lowered into the MSt (+3.9AP, +1.0ML, À4.5 to À7.5DV) and the LSt (+2.8AP, +4.8ML, À5.0 to À7.0DV). A Ag/AgCl reference electrode was inserted into the superficial contralateral pallium. After the CFMs were inserted into the dorsal striata, stimulating electrode placement within the VTA was optimized for maximal CA release by slowly lowering the stimulating electrode into the VTA in increments of À0.1 mm DV and monitoring changes in the evoked CA signal. Typically, a small but reliable CA signal can be evoked at the dorsal aspect of the VTA, and this signal increases as the stimulating electrode moves ventrally into the VTA, presumably due to the recruitment of additional CA neurons. The stimulating electrode was lowered until the CA signal slightly decreased, at which point the stimulating electrode was moved +0.1 mm DV to the previous, optimal position and remained fixed there throughout the remainder of the experiment.
Rats (n = 8 males) were similarly anesthetized with 25% urethane (6 mL/kg, i.p.) delivered in 2 doses separated by 30 min, secured in a stereotaxic frame, and the scalp was retracted. Holes were drilled into the skull to accommodate recording, reference, and stimulating electrodes. Coordinates were determined relative to bregma (AP and ML) and the surface of the brain (DV), according to the atlas of Paxinos and Watson (1986) . The stimulating electrode was lowered into the medial forebrain bundle (À4.6AP, +1.4ML, À7.0 to À8.0DV), and a CFM was lowered into the dorsomedial striatum (+1.2AP, +2.8ML, À5.0DV; 68 angle). The reference electrode was inserted into the superficial contralateral cortex, and the position of the stimulating electrode was optimized using the same procedure described above.
Voltammetry
The CFM was constructed by aspirating a single carbon fiber, approximately 7 mm in diameter (Cytec Engineering Materials, West Patterson, NJ, USA), into a borosilicate glass capillary tube, and using a micropipette puller (PE-2 Micropipette Puller, Narishige, Japan) to create a tight glass seal. A small amount of bismuth wire was inserted into the open end of the capillary tube, and melted around a length of 26G steel wire to ensure good electrical connectivity between the carbon fiber and the steel wire (Ramsson et al., 2011) . Under 30Â magnification, the exposed carbon fiber was trimmed to approximately 100-150 mm by hand using a scalpel. To improve the quality of the seal, CFMs were dipped for 30 s in epoxy composed of EPON Resin 828 (14 parts m-phenylenediamine per 100 parts resin; MillerStephanson, Morton Grove, IL, USA). Electrodes were briefly dipped in acetone to remove excess epoxy, and then cured overnight in an 80 8C oven.
Data were collected using a Universal Electrochemical Instrument (University of North Carolina at Chapel Hill, NC, USA) under the control of TH-1 software (ESA, Chelmsford, MA, USA) to perform FSCV. The potential at the CFM was cycled through a linear, triangular waveform from À0.4 to +1.3 to À0.4 V at 400 V/s; all measured potentials were relative to the Ag/AgCl reference electrode. CA signals were electrically evoked using computer controlled stimulus trains of constant current that were optically isolated from the electrochemical system (NL800A, Neurolog, Medical Systems Corp., Great Neck, NY, USA) to prevent stimulationinduced artifacts in voltammetric monitoring. The trains consisted of biphasic stimulation pulses (300 mA and 2 ms each phase) at varying frequencies and train durations. Three stimulus trains were used: 120 pulses at 60 Hz, a supraphysiological stimulation used to evoke a robust CA signal and saturate transporters to support the direct measurement of V max for CA uptake from the slope of the clearance of the electrically evoked CA signal (see the ''Data analysis'' section); 24 pulses at 60 Hz, a reinforcing stimulation in rats (Cheer et al., 2005) producing signals resembling the amplitude and dynamics of naturally occurring phasic DA signals called transients recorded in the striatum of the unanesthetized rat (Robinson et al., 2008) and that are amenable for the analysis of release and uptake parameters (Covey et al., 2014) ; and 4 pulses at 30 Hz, a physiological stimulation approximating burst firing of midbrain DA neurons recorded in the unanesthetized rat (Hyland et al., 2002) . We chose to use stimulation parameters based on those of confirmed DA neurons in the rat, because we know of no similar estimates from confirmed DA neurons in songbirds (but see Yanagihara and Hessler, 2006 for highly variable firing rates of unidentified neurons within the VTA of behaving zebra finches). Catecholamines were identified by the presence of current peaks at 0.6 V and À0.2 V in its background-subtracted voltammogram.
Current amplitude was converted to concentration based on post-calibration for DA using flow injection analysis (Kristensen et al., 1986) , which exposed the CFM to a bolus injection of analyte within a flowing stream. A syringe pump (Pump II Pico Plus, Model 70-2213, Harvard Apparatus, Holliston, MA, USA) equipped with a 60 mL syringe was attached to a reservoir through a solenoid and pneumatic actuator (Rheodyne Model 7163, Solenoid Valve Kit, Alltech Associates, Deerfield, IL, USA) that drove an injection port (Rheodyne Model 5712 Low Pressure Switching Valve, Alltech Associates). This allowed the flow to the reservoir to be switched to a specific concentration of analyte (e.g., 1 mM DA, the concentration used for DA post-calibration of each CFM) mid-stream. The CFM was suspended in the buffer-filled (1Â Tris-buffered saline) reservoir directly above the pump outflow tubing, and buffer was pumped through the system at a rate of 3 mL/min. Because the voltammogram for DA is not reliably distinguishable from that of NE (Baur et al., 1988) , and both could contribute to the evoked CA signal measured in the starling striatum with FSCV, a subset (n = 6) of CFM were calibrated for DA, then NE, each at concentrations of 0.1 mM, 1 mM and 10 mM. This facilitated assessment of the relative sensitivity of the electrodes to these two electroactive compounds and the likely contributions of each to a composite CA signal.
To assess accuracy of CFM placement, electrolytic lesions were made at the recording sites by lowering a 28G steel wire enclosed in a borosilicate glass capillary tube (with %1 mm protruding) to the appropriate coordinates and applying 10 V with a DC power supply (BK Precision 1710, Chicago, IL, USA) for 10 s. These brains were then extracted and stained for DARPP-32 immunoreactivity, as described in the ''Immunohistochemistry'' section. Stimulating electrode placement was also examined. The relatively large size of the stimulating electrode reliably produced a visible electrode track within the VTA and regions located dorsally to it without an electrolytic lesion, and the presence of DA cells at the ventral extent of the electrode track site was confirmed with immunohistochemistry for TH.
Determination of monoamine content in the basal forebrain
A subset of post-surgical starlings (n = 5 females) were overdosed with urethane, decapitated, and their brains rapidly extracted. The brains were bisected along the longitudinal fissure, and the left hemisphere was flash-frozen in pulverized dry ice, wrapped in foil, and stored at À80 8C. The hemispheres were cut into 100 mm thick coronal sections on a cryostat (Microm HM 550, Thermo Scientific, Waltham, MA, USA), and 1 mm-diameter tissue punches were taken from the anterior MSt, posterior MSt (defined by the presence of the LSt in the coronal plane of section), the nucleus accumbens (NAc), LSt, Area X, and the hypothalamus (as per Palkovits, 1973) . Tissue punch accuracy was assessed by collecting punched sections onto chrome alum-subbed slides and using a Nissl stain (see the ''Immunohistochemistry'' section) to reveal nearby cytoarchitecture; inaccurate punches were discarded. Monoamine content was determined using high-performance liquid chromatography with electrochemical detection (HPLC-EC) (Pump: ISO-3100BM, Dionex, Pittsburgh, PA, USA; Detector: Choulochem III, Dionex, Pittsburgh, PA, USA) using an analytical, reverse phase column (MD-150, Dionex, Pittsburgh, PA, USA). The mobile phase (pH 3.0), in 2 L water, contained: 20.7 g sodium dihydrogen phosphate monohydrate, 0.735 g 1-octanesulfonic acid sodium salt, 200 mL triethylamine, 25 mM EDTA, and 200 mL acetonitrile. Tissue protein content was determined using a commercially available kit (Bio-Rad, Hercules, CA, USA).
Data analysis
Electrically evoked CA signals were analyzed using equations based upon a general model describing the rate of change of extracellular [CA] The first type of analysis used non-linear regression with simplex minimization to fit measured evoked signals to calculated curves (Wu et al., 2001 ). This analysis used two different kinetic schemes for CA uptake to calculate curves. The first scheme assumed Michaelis-Menten uptake kinetics :
where [CA] p is the concentration of CA released per stimulus pulse, f is the stimulus pulse frequency, V max is the maximal rate of CA uptake by its transporter, and K m is a constant related to the inverse of the affinity of CA for its transporter(s). K m was either allowed to float independently with [CA] p and V max or was fixed. The second scheme assumed pseudo first-order uptake kinetics to calculate curves (Ramsson et al., 2011) :
where k is the first-order rate constant. Eq. (2) was used to fit CA signals evoked by both 24-and 120-pulse stimulations, while Eq. (3) was restricted to CA signals evoked by 24-pulse stimulations, as CA uptake following 120-pulse stimulations did not approach first-order decay.
The second type of analysis determined release and uptake parameters from linear regions of the electrically evoked CA signals (Wu et al., 2001) . Assuming that high [CA] , such as that elicited by supraphysiological stimulation, saturates transporters (i.e., CA uptake is pseudo zero-order), V max was determined by (Wu et al., 2001) :
Further assuming that the rate of CA uptake is similar at the same [CA] during stimulation (i.e., upward phase of the evoked signal) and after stimulation (i.e., downward phase of the evoked signal), [CA] p was determined by (Wu et al., 2001) : Data are expressed as mean AE SEM, and n is equal to the number of animals. Data were analyzed using an ANOVA or Student's t-test, as appropriate (SAS 9, SAS Institute, Cary, NC, USA). In cases where the assumption of normality was not met, data were logtransformed (1 instance) or a Wilcoxon signed-rank test was substituted (1 instance). Sex was initially included as a variable in all analyses on starlings, but because no significant effect due to sex was found for any measure, sex was excluded from the analyses to increase statistical power. Statistical significance was set at p < 0.05.
Results
DARPP-32-immunoreactivity in the starling striatum
Because the overall goal of this study was to establish FSCV for the measurement of electrically evoked CA levels in the striatum of the urethane-anesthetized starling, both recording and stimulating sites were first identified. To accomplish this step, DARPP-32-immunoreactivity (IR), was used to delineate the LSt and MSt, targets for recording CA with FSCV. DARPP-32, a phosphoprotein involved in the regulation of protein phosphatase-1, typically colocalizes with D1 receptors (Walaas and Greengard, 1984) and is considered to be an effective indicator of dopaminoceptive cells (Durstewitz et al., 1999) . Striatal boundaries were determined using the dopaminoceptive cell marker DARPP-32, rather than the more commonly used catecholaminergic cell marker TH, because DARPP-32 clearly delineates between the dopaminergic MSt and the adjacent noradrenergic lateral bed nucleus of the stria terminalis (BSTL) (Bá lint and Csillag, 2007) . DARPP-32-IR was dense and fairly uniform throughout the MSt and LSt and exhibited expected regional heterogeneity in the ventral pallidum and globus pallidus (Fig. 1) , though DARPP-32-IR was unexpectedly reduced within Area X in comparison to the surrounding MSt. A conspicuous dearth of DARPP-32-IR indicative of the BSTL was located adjacent to the lateral ventricle, beginning as a small region medial to the caudal extent of Area X and then expanding laterally farther posterior.
Tissue monoamine content
The monoamines, DA, NE and serotonin (5-HT), are all electroactive and amenable to detection with FSCV (Robinson et al., 2008) . Tissue monoamine levels in starling striata and other regions of the basal forebrain were therefore quantified with HPLC-EC to assess their relative abundance (Fig. 2) . Although among-individual variation in tissue content of the various monoamines was noted, no individual values were more than 2 standard deviations from the mean for any brain region. As a general trend, this analysis found relatively high DA content in Area X and the posterior MSt, followed closely by anterior MSt and nucleus accumbens, but with considerably less in the LSt and as expected very low levels in the hypothalamus. NE content was highest in the hypothalamus followed by the NAc and Area X but similarly low levels in the MSt and LSt. Importantly, there was significantly greater DA than NE content in the two regions where CFM were placed, the anterior MSt (p = 0.038) and the LSt (p = 0.007).
Sensitivity of CFM to DA and NE
Although all three monoamines are amenable to detection by FSCV, the voltammogram for 5-HT is readily distinguished from that of both DA and NE (Baur et al., 1988 ; Jackson et al., 1995; Heien et al., 2003) . Thus, if electrically evoked in the starling striatum, 5-HT release would be evident. However, voltammograms for DA and NE are not distinguishable. Because the HPLC-EC analysis of tissue content revealed measureable amounts of both DA and NE in the starling striatum, other criteria must be considered for identifying the CA released. One consideration is that previous work has demonstrated enhanced sensitivity of the CFM, the microsensor used with FSCV, for DA compared to NE (Baur et al., 1988; Gale and Perkel, 2005) . Due to a different CFM and FSCV waveform in the present study, it is important to establish the relative sensitivities to DA and NE for the recording conditions to be used in the starling striatum. Fig. 3 shows voltammograms (Fig. 3A) and calibration curves (Fig. 3B) for such conditions. While there is considerable overlap between voltammograms for DA and NE, the CFM exhibits a >2-fold greater sensitivity (p = 0.008) for DA (20.0 nA/mM) than for NE (8.65 nA/ mM), consistent with previous work (Baur et al., 1988; Gale and Perkel, 2005) .
Electrically-evoked dopamine dynamics in the starling striatum
Based on the stereotaxic coordinates generated, CFMs were inserted into the anterior MSt and LSt, and a stimulating electrode into the VTA (Fig. 4) . Fig. 5 shows exemplar recordings of electrically evoked CA signals elicited by the three stimulus trains used in the present study ( Fig. 5A : 24 pulses at 60 Hz; Fig. 5B : 4 pulses at 30 Hz; Fig. 5C : 120 pulses at 60 Hz). All three trains resulted in a sharp increase or ''spike'' of CA measured with FSCV at the CFM that rapidly returned to baseline. Associated voltammograms, whether plotted individually in Insets or sequentially in color plots above each recording, showed an oxidation peak at %+0.6 V and a reduction peak at %À0.2 V, which is characteristic of both DA and NE (Baur et al., 1988) . Average values for the maximal concentration of CA ([CA] max ) elicited by each stimulus train are shown in Table 1 .
To better characterize the anatomical target for activating CA neurons ascending to the MSt, we investigated the effect of stimulating electrode position on electrically evoked CA signals. Throughout this experiment, we stimulated the VTA with the 24-pulse, 60-Hz train. We held the CFM stationary in the anterodorsal MSt and incrementally lowered the stimulating electrode ventrally into the VTA. We found that [CA] max tended to peak when the stimulating electrode was approximately 10-10.5 mm below the brain surface, and began to decline again as the electrode continued to move more ventrally (Fig. 6 ). This pattern presumably corresponds to the stimulating electrode descending ventrally into, and eventually through, the VTA. These results are consistent with the effect, on striatal DA release, of lowering the stimulating electrode through the VTA-SNc region of the rat (Garris et al., 1993) and the medial forebrain bundle (MFB) in the rat (Garris et al., 1993) and Syrian hamster (Greco et al., 2006) . As illustrated by the Insets in Fig. 6 , although [CA] max changed during lowering of the stimulating electrode, electrically evoked CA dynamics did not, suggesting that the same neurochemical species was elicited and the same neuron type(s) was activated at each depth.
To similarly characterize the anatomical target for measuring electrically evoked CA levels in the starling striatum, we then investigated the heterogeneity of CA release sites across the MSt by modifying CFM placement along a dorsal-ventral trajectory, while holding the position of the stimulating electrode constant within the VTA. Similar to the striatum of the rat and hamster (Greco et al., 2006) , there is marked heterogeneity with regard to CFM depth and [CA] max electrically evoked by the 24-pulse, 60-Hz train. We also found an overall tendency for [CA] max to decline as the CFM was moved ventrally (Fig. 7) , but this pattern was not statistically significant (r 2 = 0.230). Again, while [CA] max varied with CFM depth, electrically evoked CA dynamics did not (see insets in Fig. 7) , suggesting that the same neurochemical species was elicited at each recording location.
Presynaptic regulation of [CA] in the starling striatum
In their respective terminal fields of the rat brain, extracellular concentrations of DA and NE are tightly regulated by the presynaptic mechanisms of exocytotic release and neuronal uptake (Capella et al., 1993; Mitchell et al., 1994; . Parameters describing these mechanisms for release and uptake can be quantified from electrically evoked signals measured by voltammetry and CFMs (see the Data analysis section; Wightman et al., 1988; Wu et al., 2001) . Collectively, this analysis has found regionally distinct presynaptic control for both DA and NE that is associated with different functions for the two neuromodulators (Mitchell et al., 1994; . We therefore performed a similar analysis of CA release and uptake in the starling striatum.
In the first analysis, signals electrically evoked by the 24-pulse, 60-Hz train were fit to a general model describing the rate of change of [CA] as a balance of opposing CA release and uptake rates (Wu et al., 2001 ). This stimulus train was selected because it produces phasic-like DA responses in the rat striatum mimicking naturally occurring DA transients (Covey et al., 2014) , and because these responses are amenable to curve fitting using non-linear regression for determining parameters for DA release and uptake (Ramsson et al., 2011; Daberkow et al., 2013) . In contrast, signals evoked by the 4-pulse, 30-Hz stimulation are too small for accurate fitting without additional higher DA signals (Howard et al., 2011) , and signals evoked by the supraphysiologically 120-pulse, 60-Hz stimulation require additional low-frequency responses for accurate fitting (Wu et al., 2001) . Table 2 shows CA release and uptake parameters determined for starling striata with stimulation of the VTA. Assuming Michaelis-Menten uptake kinetics, [CA] p was significantly greater in the LSt than in the MSt (p = 0.032), while no significant differences were found in V max (p = 0.678) and K m (p = 0.344) between the striatal regions.
Because determination of K m for uptake is difficult in vivo (Wu et al., 2001) , additional analyses were conducted to further investigate CA release and uptake in the starling striatum. Responses evoked by the 24-pulse, 60-Hz trains were additionally fit to the general model using non-linear regression but assuming first-order uptake kinetics. Consistent with the analysis of CA uptake assuming Michaelis-Menten kinetics, and also shown in Table 2 , CA uptake as characterized by k was similar in the two striatal regions, and [CA] p was significantly greater in the LSt as compared to the anterior MSt (p = 0.032). Similar values of CA release and uptake between the two analyses support the determination of K m. CA signals evoked in the starling striata by the supraphysiological stimulation (120-pulse, 60-Hz train) were also assessed for CA release and uptake. The high [CA] of these evoked signals permits a unique analysis based on slopes, and these results can be compared to analysis of the same evoked signals with non-linear regression after fixing K m to the values determined above (MSt K m = 270 nM, LSt K m = 360 nM). As shown in Table 3 Presynaptic regulation of [DA] in the rat striatum FSCV at a CFM is well established in the rat for measuring extracellular DA in the striatum electrically evoked by stimulation of ascending DA axons (Stamford, 1990) . Converging evidence in rats suggests that these evoked signals are attributable to DA rather than NE, including higher sensitivity of the CFM for DA versus NE (Baur et al., 1988) , a %50 to 100-fold difference in DA versus NE tissue content (Garris et al., 1993) , selectivity in stimulation sites (Garris et al., 1993) , pharmacological confirmation of chemical identity (Park et al., 2010) , and differences in release rates (Garris and Wightman, 1995; Capella et al., 1993) . We thus performed a similar analysis of striatal signals evoked by the 24-pulse, 60 Hz train in the rat as in the starling. In general and shown in Tables 2 and 3 , evoked [CA] max and parameters for CA release and uptake were similar in rat and starling striata. Interestingly, both the starling and rat support high CA release and uptake rates in the striatum that appear to be more related to higher DA tissue contents than the lower NE tissue contents (see also the ''Tissue monoamine content'' section).
Discussion
Immunohistochemistry in the starling brain DARPP-32, a marker for dopaminoceptive cells, was used to delineate dopaminoceptive regions in the starling striatum to facilitate recording electrode placement. Overall, we found that DARPP-32-IR was dense and fairly uniform throughout the MSt and LSt, which is in good agreement with previous reports in other avian species (Bá lint and Csillag, 2007; Reiner et al., 1998) . However, our finding that DARPP-32-IR was greatly reduced within Area X in comparison to the surrounding MSt contrasts with previous findings in the zebra finch, where Area X had equivalent (Hein et al., 2007) or slightly greater (Reiner et al., 2004 ) levels of DARPP-32 immunoreactivity. This result is especially surprising given the high density of D1-like receptors found in Area X in starlings , as DARPP-32 is typically present in D1 expressing neurons (Walaas and Greengard, 1984) . The reason for this discrepancy is unknown. One possibility is that these changes may be due to seasonal changes in the cellular composition of Area X. In seasonally breeding songbirds, such as the European starlings, and unlike the zebra finch, the borders of Area X reduce and enlarge following the regression and recrudescence, respectively, of the gonads due to changes in neuron number and size Riters et al., 2000; Tramontin and Brenowitz, 2000) . Thus, it may be possible that in Area X, DARPP-32 is a seasonally regulated gene that varies across the breeding and non-breeding seasons. However, our sampled individuals included animals in both breeding and non-breeding condition, so it seems unlikely that this apparent absence of DARPP-32 is linked to seasonal changes in Area X neurons, and we did not note any obvious sex-specific differences in DARPP-32 expression density within Area X, although Area X volume was noticeably greater in males than females as has been reported previously (Bernard et al., 1993; Ball et al., 1994) . While this may merely represent a species difference in DARPP-32 expression, an additional possibility may be that DARPP-32 is reduced in the Area X of open-period song learning species. Unlike the zebra finch, which has an extremely stereotyped song (Eales, 1985) , starling song is extremely variable and additional elements are added throughout a bird's lifetime (Chaiken et al., 1994; Mountjoy and Lemon, 1995) . While expression of DARPP-32 has been confirmed in the striatum of the canary, another open-period learning species (Hemmings et al., 1992) , expression of DARPP-32 has not been compared between Area X and the surrounding MSt in this species. Further work on this and other open-period song learning species would likely clarify whether our finding is species-specific, or representative of a subset of songbirds.
TH-IR was used to delineate the VTA, the selected target of the stimulating electrode for eliciting electrically evoked CA levels in the striatum for recording with FSCV (Fig. 2) . TH is the rate-limiting enzyme in the synthesis of DA and NE and thus serves as a marker for catecholaminergic neurons. The VTA is the origin of DA neurons known to strongly project to the avian MSt including Area X, and to Table 3 Parameters for CA release and uptake determined from signals evoked by the 120-pulse, 60-Hz train (mean AE SE).
Michaelis-Menten kinetics
Slope analysis Table 2 Comparison of parameters for CA release and uptake determined from signals evoked by the 24-pulse, 60-Hz train in starling and rat striata (mean AE SE).
Michaelis-Menten kinetics Pseudo-first order kinetics a lesser extent, the LSt (Kitt and Brauth, 1986b) . Similar to other songbirds such as the zebra finch (Nixdorf-Bergweiler and Bischof, 2007) , and unlike the rat (Paxinos and Watson, 1986) , in the starling brain, the VTA protrudes approximately 0.5 mm anterior to the substantia nigra pars compacta (SNc; see Fig. 4b and c), allowing this region to be selectively targeted for stimulating electrode placement. However, axons of passage ascending to the striatum would also be activated. Thus, if DA axons from the SNc, which innervate LSt primarily and to lesser extent the MSt (Kitt and Brauth, 1986b) , and/or NE axons from locus coeruleus and subcoeruleus, which innervate Area X (Castelino et al., 2007) and other regions of the striatum (Kitt and Brauth, 1986a) , pass nearby the rostral VTA, they could in theory be activated as well.
Monoamine content in the starling striatum
To our knowledge, no previous studies have quantified DA and NE contents of the avian striatum beyond the specialized songlearning nucleus Area X. Within Area X, DA content is at least 15-fold greater than NE content in male zebra finches (Gale and Perkel, 2005; Harding et al., 1998) , similar to what we found for the starling Area X (%10-fold) and MSt (%16-fold). Tissue content of the entire avian anterior basal forebrain contains an approximately 10-fold difference in DA and NE levels (Juorio and Vogt, 1967) , which corroborates higher DA than NE content in the starling striatum. Interestingly, DA content in the starling MSt was found to be similar to that in the rat dorsal and ventral striatum, although NE content in both the MSt and LSt appeared higher (Garris et al., 1993) . Consistent with this later result, avian striata are known to receive considerably more NE innervation (as determined by immunocytochemistry) than is typical in mammalian models (Kitt and Brauth, 1986a) . On the other hand, 5-HT content was highest in the posterior MSt, with only moderate levels in the hypothalamus and NAc, and consistently low levels in the anterior MSt, the LSt and Area X. The higher 5-HT content in the posterior MSt relative to the anterior MSt and the LSt of the starling is dissimilar to the relatively low but uniform levels of 5-HT content reported throughout the dorsal striatum of the rat (Beal and Martin, 1985) .
Although several of the basal forebrain regions for which tissue content of monoamines is reported were not targets of in vivo FSCV in the current study and are not discussed in detail here, the data regarding DA:NE content in these regions may be useful in determining whether these regions are tractable for monitoring CA responses using FSCV in future studies, but should be confirmed in non-surgically manipulated birds. Additionally, pharmacological studies focusing on specific inhibition of DA and NE transporters and autoreceptors to selectively increase the DA or NE portions of the CA signal are currently underway and should provide further insight regarding the possibility of combining drug treatments with in vivo FSCV for monitoring potentially mixed catecholamine signals throughout the vertebrate brain.
Presynaptic regulation of [CA] in the starling striatum
To characterize presynaptic regulation of CA in the striatum, we electrically evoked CA release using several different stimulation regimens.
[CA] max elicited by the 4-pulse, 30-Hz train (%30 nM) was similar to the low end of the range of naturally occurring DA transients recorded in the striatum of unanesthetized rats, whether occurring spontaneously or elicited by natural rewards and their predictive cues (Robinson et al., 2004 (Robinson et al., , 2008 .
[CA] max elicited by the 24-pulse, 60-Hz train (%300 nM) was similar to the middle or high end of this range. It should be noted that urethane anesthesia blunts electrically evoked DA release in the rat (Garris et al., 1997) , so quantitatively comparing stimulus trains, physiological firing patterns, and [DA] is difficult between anesthetized and unanesthetized animals. There are only two reports of naturally occurring NE transients, which determined a maximal concentration of %20 to 30 nM in the bed nucleus of the stria terminalis of the rat (Park et al., 2012 (Park et al., , 2013 . While the amplitudes of these NE transients were similar to those of CA signals recorded in the starling striatum and elicited by the 4-pulse, 30-Hz train, the rate of rise appeared slower. Although data are limited, in the rat at least, NE neurons have a slower release rate than DA neurons (Garris and Wightman, 1995; Capella et al., 1993) .
In contrast to the more physiologically relevant stimulations, [CA] max elicited by the 120-pulse, 60-Hz train was %2100 nM. This concentration is near saturating for the DA and NE transporters, which exhibit a K m of %200 to 400 nM as determined by the uptake of radio-tracers into synaptosomes (Near et al., 1988; Coyle and Snyder, 1969) and in vivo voltammetry (Wu et al., 2001 (Wu et al., , 2002 . Our results with the supraphysiological stimulation are in general agreement with those with the 24-pulse, 60-Hz trains, with the exception that the latter found a slightly greater CA release in the LSt compared to the anterior MSt while the former found no differences. This difference could be due to different stimulus parameters. Nevertheless, the general consistency across analyses supports the veracity of our CA release and uptake determinations, especially K m , and collectively suggests similar presynaptic control of extracellular CA in the starling anterior MSt and LSt.
To date, work to characterize presynaptic regulation of extracellular CA in the avian striatum has been extremely limited. A study in a slice preparation of the zebra finch striatum using direct electrical stimulation of DA terminals and FSCV found no significant difference in the maximal amplitude of the electrically evoked DA signal ([DA] max ), which is equivalent to the [CA] p used herein because a single stimulus was used to evoke DA release, or DA uptake between the MSt and LSt (Gale and Perkel, 2005) , which is generally consistent with the present findings. The higher CA release rates measured here in the starling LSt compared to the anterior MSt are not consistent with the overall tissue monoamine contents reported in the ''Tissue monoamine content'' section and in the zebra finch striatum (Gale and Perkel, 2005) , especially for DA, which suggests that the starling LSt exhibits higher CA release rates on a per terminal basis.
The K m determined for CA uptake in the starling striatum is consistent with DA uptake by the dopamine transporter (DAT) and/ or NE uptake by the norepinephrine transporter (NET) based on measurements for the rat (Coyle and Snyder, 1969; Near et al., 1988; Capella et al., 1993; Mitchell et al., 1994; Wu et al., 2001 Wu et al., , 2002 . Interestingly, DA uptake in the zebra finch measured by FSCV in a brain slice containing Area X was shown to be sensitive to NET inhibitors (Gale and Perkel, 2005) . More recently, a preliminary report, based upon thorough searches of several avian genomes and expression databases, finds that the DAT ortholog is completely absent in birds (Lovell et al., 2013) . Furthermore, NET is expressed in avian midbrain DA neurons as well as brain stem NE neurons, suggesting that NET is responsible for CA uptake in birds (Lovell et al., 2013) . Thus, the K m determined for CA uptake in the starling striatum is also consistent with DA uptake by NET based on affinities determined from rat synaptasomes (Raiteri et al., 1977) and expressed transporters for the human, rat, and fish (Roubert et al., 2001 ). Similar to its putative function in birds, in the rat cortex, NET is thought to contribute to the uptake of released DA as well as NE (Yamamoto and Novotney, 1998) .
DA versus NE
Up until this point, we have initially and conservatively referred to signals recorded by FSCV in the starling striatum and electrically evoked by stimulation of the VTA as ''CA''. The question is can the chemical origin of the evoked signal be further resolved? In striatal slices prepared from the zebra finch, electrically evoked signals recorded by in vitro FSCV were identified as DA based on three considerations (Gale and Perkel, 2005) : (1) high DA-to-NE ratio in tissue content; (2) greater sensitivity of the CFM to DA versus NE; (3) sensitivity to pharmacological blockade of DA, but not NE, autoreceptors. No definitive identification was provided by selective inhibitors of NET, which increased the evoked signal, perhaps because DA neurons in birds may utilize NET to clear released DA (Lovell et al., 2013) . Additionally, immunohistochemical studies of NE terminals in the songbird striatum using antibodies to dopamine beta-hydroxylase reveal very sparse terminal fields in the striatum (reviewed in Castelino and Schmidt, 2010) . In the present study, starling striatal tissue also exhibited a similarly high DA-to-NE ratio in tissue content and the CFM was similarly more sensitive to DA than NE, both of which are consistent with the measurement of DA. Moreover, in contrast to the zebra finch slice in which the stimulating electrode potentially activates all terminals, including both DA and NE, in the vicinity of the CFM, the stimulating electrode targeting the starling VTA would only activate those NE neurons ascending to the striatum and traversing this region if this is indeed a candidate projection, which is not yet established. Thus, the nature of the electrical stimulation in the starling provides some measure of selectivity for DA, at least compared to the brain slice. In further support of the detection of DA in the starling striatum, all characteristics of the evoked signal were similar to those in the rat striatum, where the measurement of DA by FSCV is definitive (see the ''Presynaptic regulation of [DA] in the rat striatum'' section). Taken together, we conclude that converging evidence supports the chemical origin of the electrically evoked signal recorded in the starling striatum by FSCV as predominately DA. However, work to further characterize the potential contribution of NE to our measured signal is currently underway.
Summary, conclusions and future directions
This study establishes the technique of FSCV in the European starling, an avian model system, for the real-time monitoring of CA in the striatum. Coordinates targeting relevant brain regions were first identified by combining the stereotaxic placement of pins with subsequent post-mortem histological analysis of brain sections that underwent either standard histological staining or immunohistochemical labeling of either DARPP-32-or THimmunoreactivity. These coordinates served as initial approximations that permitted stereotaxic placement of a stimulating electrode in the VTA and CFM in the MSt and LSt and were then optimized and functionally confirmed by electrically evoking and recording CA responses. To assess the likely contributions of DA and NE to the measured CA signal, CA tissue content was quantified in several subregions of the starling striatum. Finally, CA release and uptake parameters were determined from the electrically evoked signals. Taken together, our results are consistent with the measurement of electrically evoked DA levels in the starling striatum and similar presynaptic control of extracellular DA dynamics by exocytotic DA release and neuronal DA uptake in the striatum of the starling and rat.
The European starling is a desirable model system for a number of reasons. Starlings are relatively large, adaptable songbirds that tolerate captivity well, and are amenable to operant training (Gentner et al., 2004) . They are common throughout much of Europe and North America and are a cavity-nesting species, which makes them highly accessible for neuroethological work (particularly via combining FSCV with telemetry; Garris et al., 2004 Garris et al., , 2007 Roham et al., 2010) . Starlings are seasonal breeders and show stark differences in their hormonal and behavioral profiles both within and between the breeding and non-breeding seasons (Williams et al., 2004) , which make them a useful model of neuroendocrine interactions, such as the modulatory role of the mesolimbic dopamine system in seasonal differences in social decision-making. Given these benefits, we believe that in vivo FSCV will be an important tool in the study of behavioral neuroscience in the European starling.
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